Deuterium labeling is of great value in organic synthesis and the pharmaceutical industry. However, the state-of-the-art C-H/C-D exchange using noble metal catalysts or strong bases/acids suffers from poor functional group tolerances, poor selectivity and lack of scope for generating molecular complexity. Herein, we demonstrate the deuteration of halides using heavy water as the deuteration reagent and porous CdSe nanosheets as the catalyst. The deuteration mechanism involves the generation of highly active carbon and deuterium radicals via photoinduced electron transfer from CdSe to the substrates, followed by tandem radicals coupling process, which is mechanistically distinct from the traditional methods involving deuterium cations or anions. Our deuteration strategy shows better selectivity and functional group tolerances than current C-H/C-D exchange methods. Extending the synthetic scope, deuterated boronic acids, halides, alkynes, and aldehydes can be used as synthons in Suzuki coupling, Click reaction, C-H bond insertion reaction etc. for the synthesis of complex deuterated molecules.
O wing to the kinetic isotope effect, deuterium-and tritiumlabeled compounds find important applications in the investigation of reaction mechanism 1 , the modification of reaction selectivity in total synthesis 2 , as well as the preparation of advanced materials with enhanced performance 3 . In particular, D/T labeling has attracted growing interests in pharmaceutical industry because the incorporation of heavy hydrogen can change the absorption, distribution, and toxicological properties of the drugs, while retaining their original potency and selectivity owing to the longer residence time of the more inert C-D bonds compared with the C-H isotopologues [4] [5] [6] . Since the first deuteration of bioactive molecules to promote improved pharmacokinetic profile in the 1960s 7 , tremendous efforts have been devoted to the synthesis of deuterium-or tritium-labeled pharmaceuticals. Owing to the prevalence of aryl moiety in drug molecules 8 , direct deuteration of aryl ring would be promising for generating new drugs with high therapeutic values. Indeed, the first deuterated drug has been approved by the US Food and Drug Administration in April 2017 9 .
The prevalent methods for deuterium incorporation are metalcatalyzed or acid/base promoted C-H/C-D exchanges 10 , which allow direct incorporation of deuterium without the need to prefunctionalize the starting materials and without substantially altering the structure of the molecules. Nevertheless, conventional C-H/C-D exchanges suffer from several drawbacks. First, C-H bonds are usually difficult to activate. Industrial C-H/C-D exchanges relying on the weak acidity or basicity of C-H bonds require the use of high temperature and strong acid/base, leading to significant safety risks and poor functional group tolerances 11, 12 . Multiple exchange processes are also necessary to achieve high deuteration content 13 . Second, approaches using homogeneous noble metal catalysts to activate C-H bonds are restricted by the complexity of catalyst synthesis and high cost 14, 15 . Third, the selective deuteration of C-H bonds remains challenging; the position of deuteration is difficult to control and requires directing groups to install deuterium at the ortho positions on aromatic and hetero-aromatic rings 16 . Therefore, undesired deuteration at multiple reactive sites is difficult to prevent 17, 18 . The development of a universal deuteration strategy with wide functional group tolerance will be highly valuable in synthetic chemistry and pharmaceutical industry.
C-X (where X is a halogen) bonds are ubiquitous in many important organic molecules and natural products 19 . In fact, welldeveloped halogen chemistry can be exploited for selective deuteration 20 . For example, Onomura group developed a Pd-NHC system for effective deuterodechlorination of aryl/heteroaryl chlorides 21 . However, C-X to C-D transformations generally require the use of noble metal catalysts, complex ligands and special deuterium donors. Recently, photoinduced electron transfer from excited photocatalysts to halides (C-I, C-Br, C-Cl, and C-F) has emerged as a powerful strategy to generate highly reactive carbon radicals, which are useful intermediates for noble metal-free substitution, addition, or coupling reactions to produce value-added compounds 22 . A comprehensive review on the photoredox reactions used in organic and polymer synthesis is provided by Xu and Boyer et al 23 . Owing to their mild reaction conditions and high efficiency, photocatalytic methods have been successfully applied in total synthesis or drug discovery process 24, 25 . Despite some early studies on photocatalytic hydrogenation of Ar-X using amines, alcohols, or Hantzsch ester as hydrogen donors [26] [27] [28] , photochemical deuteration has not been widely studied owing to the difficulty in accessing suitable deuterium sources and the lack of a suitable catalytic system. Heavy water (D 2 O) is an ideal deuteration reagent from the perspective of safety, cost and handling and it is worthwhile exploring photocatalytic hydrogen evolution (PHE) as a potential route for generating active D radicals for deuteration reactions.
Herein, we report a universal C-X to C-D transformation using D 2 O as deuterium source and porous 2D-CdSe as photocatalyst; the latter can catalyze C-X bonds cleavage as well as split D 2 O to generate deuterium radicals. The subsequent coupling between carbon and deuterium radicals results in the formation of deuterated products. Compared with conventional C-H/C-D exchange technology, this method is distinguished by its high selectivity, good functional group tolerance, and ability to undergo intramolecular tandem reaction in mild conditions.
Results
Porous CdSe nanosheet photocatalyst. The C-X to C-D transformation proposed here relies on the effective photocatalytic splitting of D 2 O to generate active D radicals ( Fig. 1 and Supplementary Table 1 ). CdSe is selected for its appropriate bandgap for solar energy absorption and a conduction band edge that is more negative in potential than water reduction potential 29, 30 . Reducing its dimension from bulk to nanoscale further improves its catalytic performance owing to quantum confinement effect. Current synthetic methods for CdSe nanosheets utilize organic ligands to control the shape and size of the nanocrystals. However, such ligands invariably block or deactivate the active catalytic sites. To increase the density of catalytic sites, porosity can be introduced into 2D-CdSe, as the edges of these pores can boost catalytic activity owing to their lower coordination numbers and modified electronic structures 31, 32 . Ultrathin CdSe nanosheets can be synthesized in bulk quantities by a colloidal method based on previously reported procedure 33 . To improve the catalytic activity, 2D-CdSe nanosheets were corroded under acidic condition to increase porosity. The porous CdSe nanosheets were characterized by scanning transmission electron microscopy in the annular dark field mode (STEM-ADF). As shown in Fig. 2 and Supplementary  Fig. 5b , as-synthesized CdSe nanosheets consist of {002} planes; the typical thickness of these sheets as measured by atomic force microscopy (AFM, Supplementary Fig. 4 ) is 1.7 nm (~seven layers). The porous CdSe nanosheets contain nanocrystalline domains as well as irregular pores, as shown in Fig. 2c , Supplementary Fig. 1-3 and Supplementary Table 3 . STEM-ADF image and selected area electron diffraction pattern in Fig. 2d reveal that the CdSe nanosheets have hexagonal wurtzite structure. Electron energy loss spectroscopy elemental mapping and XPS data of Cd and Se (Fig. 2b, Supplementary Fig. 5 & Notes 1~3) validate that the CdSe nanosheets consists of nanocrystalline phase with a Cd/Se ratio of~1:0.9.
The porous CdSe nanosheet consists of nanocrystalline domains, which are likely to have its optical properties modified by zero-dimensional quantum confinement 34 ; the presence of Cd sites with unsaturated coordination further increases the electron density at the Fermi level and enhances its catalytic properties ( Supplementary Fig. 10 ). Figure 3a compares the UV-Vis spectra of porous and non-porous CdSe nanosheets. The absorption peaks of the lowest energy electron-light hole and electron-heavy hole excitation in porous CdSe are blue-shifted by 12 nm, which are manifestations of the domain size reduction after the chemical treatment to generate porosity 35 . Porous CdSe also shows two red-shifted components in the photoluminescence (PL) spectra, which are absent in the non-porous sample. The red-shifted peaks are assigned to emission from trap or edge sites populated by the non-radiative relaxation of photo-excited electrons, which increases the probability of subsequent electron transfer to chemical species in the solution, thus resulting in approximately three to four times higher H 2 evolution rate for our porous CdSe nanosheets ( Fig. 3c ) compared with commercial CdSe nanoparticles and nanoplates. The highly efficient PHE is the key to achieve successful C-X mediated deuteration, as discussed in the following section 36 . The band edge alignments in porous, 2D-CdSe and other photocatalysts are provided in Fig. 3b and Supplementary Fig. 6 . Photocatalytic C-X to C-D transformations. A core feature of our strategy is using the in situ photo-generated D radicals to realize deuterium incorporation in aryl ring through C-X bonds cleavage. The hydrodehalogenation of halides is chosen as the model reaction for studying C-X to C-D transformation. To dissolve the organic substrates, acetonitrile (CH 3 CN) is used to form a 1:1 mixture with water, in which case nearly quantitative yield is achieved (Supplementary Table 5 , entry 1). Isotope labeling by deuterium was performed to determine the origin of H. In the case of D 2 O/CH 3 CN, the reduction product 2ao was obtained in 91% isolated yield with a deuteration ratio of 93% as determined from NMR ( Supplementary Fig. 9 (b)), whereas no deuterated product was detected when H 2 O/CD 3 CN mixture was used as the solvent ( Supplementary Fig. 9 (c) ). These results prove convincingly that water, rather than CH 3 CN, is the primary H donor for this C-I hydrogenation reaction. Table 5 , entry 11). Therefore, the hydrogenation of aryl iodide should be owing solely to H radicals generated from photocatalytic water splitting. It should be pointed out that all the substrates tested can be photocatalysed using porous CdSe under visible-light excitation, the reaction time is typically 2~3 times longer than with UV excitation (see Table 1 and Supplementary Table 5 , entry 12 for a comparison of performances using UV and visible light), but comparable yields can be obtained.
To validate the universality of this photocatalytic hydrodehalogenation of halides with water as the hydrogen source, a wide range of halogen-containing substrates were examined. For the sake of investigating the substrate scopes, some experiments were conducted in UV light owing to its shorter reaction time. As listed in Table 1 , a wide range of iodinated substrates, including aryl, heteroaryl, alkyl, and alkynyl iodides are amenable to our strategy, producing the corresponding hydrogenated products in good to excellent yields with good functional groups tolerance. Obvious chemoselective hydrogenation of C-I bonds can be seen in the presence of other halogen substituents (F, Cl, and Br) on aryl rings (Table 1, 2n and Table 2 , 2aj, 2ak). This chemoselectivity may be attributed to the different reduction potentials and bond dissociation energies of C-X bonds (Supplementary Table 2) 37 . For 1,3,5-triiodobenzene substrate, we can obtain benzene, iodobenzene, and 1,3-diiodobenezene as the major hydrogenated product in a stepwise manner through minor modifications of standard conditions (Supplementary Table 7) , which attests to the remarkable flexibility of our methodology. The C-Br, C-Cl, and C-F bonds can be also be hydrogenated in Table 1 and Supplementary Table 7 using longer reaction time.
Based on the optimum conditions of hydrodehalogenation, the substrate scopes for deuteration were investigated with D 2 O as deuterium source. As expected, deuteration only occurs at the C-X position with good efficiency, as shown in Table 1 . Note that comparable yields are obtained for deuteration and hydrogenation of the same substrate although a longer reaction time is needed for deuteration due to kinetic isotope effect (Table 1) . Both the electron-rich and -deficient iodinated substrates can be deuterated by D 2 O (Table 1, 2a-2n) . The deuterium can be 2s-2v ). In addition, the number of deuterium on aryl ring can be controlled by halogen chemistry to give mono-, bi-, or multi-deuterated products, which is extremely challenging in C-H/C-D exchange (Table 1, 2w-2ab ). In addition, C-Br, C-Cl, and C-F bonds which are usually non-labile using other photocatalytic methods can be deuterated in the presence of some activated functional groups (Table 1 , 2ac-2ai).
In addition to the direct deuterium incorporation on target molecules, the heavy water D 2 O-splitting strategy proposed here can be developed into a series of useful D-containing tool kits bearing both deuterium atom and linkage moieties. For example, we have successfully incorporated deuterium on aryl halogen, boric acid, alkyne, and alkene moieties-containing molecules ( Table 2 , 2aj-2ar), which are often fragile under harsh conditions as well as noble metal catalytic system. The elegance of the approach is that deuterium can be readily incorporated on pharmaceutical molecules or advanced materials through subsequent Suzuki coupling, Click reaction, Heck reaction, or C-H bond insertion reaction (Table 2, eq. 1~4), which is challenging by current methods. Potentially useful deuterated molecules can be synthesized by our strategy. For example, using the kinetic isotope effect, a deuterium atom at the ortho-position of an amide group is helpful for probing reaction mechanisms in metalcatalyzed transformations, or for determining the reaction sites of a reaction (Table 2, 2ap) . By converting C-Br bond to C-D bond, the deuterium labeled pharmaceutical precursor 2aq is synthesized, which can undergo further ester hydrolysis to form D-containing nicotinic acid. Nicotinic acid is a benchmarked anti-hypercholesterolemia drug and among the top 200 Table 2 D-labeled tools box from photocatalytic C-I to C-D tansformation a a Reaction conditions: aryl iodides (0.1 mmol), porous CdSe (5 mg), Na 2 SO 3 (0.25 M), CH 3 CN/D 2 O (2.5 mL/1.5 mL), irradiation 8 h (>420 nm), r.t. For hydrodehalogenation, the reaction was conducted under UV light (>280 nm) for 2 h in CH 3 CN/H 2 O (2.5 mL/2.5 mL) b >280 nm, 2 h c conversion yield was reported d THF/D 2 O (2.5 mL/1.5 mL) e DMF/D 2 O (2.5 mL/1.5 mL) f isolated yield g aryl bromide, >280 nm, 12 h. Yields (Error ca. 5%) were calculated from GC-MS using standard curves pharmaceutical products produced in 2009 41 . The halogencontaining amino acids can also be deuterated via the C-X transformation (2ar). Through polymerase chain reaction, deuterium can be integrated into polypeptides, protein etc. for investigating their property owing to the isotope effect. The utility of this deuterated strategy is further demonstrated by a tandem deiodination-cyclization-deuteration of 2-(allyloxy)-1-iodobenzene, from which a radical pathway for the deuteration of halides may be operational (Table 2, eq. 5) 26 . The success in the preparation of deuterated benzofuran scaffold opens up the window on the follow-up synthesis of more complex deuteriumbearing molecules with new stereocentres through radical addition or coupling. Therefore, C-X to C-D transformation can provide a powerful tool kit for deuterium labeling in synthesis and drug investigation.
To illustrate the robustness and scalability of our approach, a gram-scale hydrodehalogenation of 1w (1.53 g) was carried out with a yield of 71% after irradiation for 16 h at r.t. (Supplementary Fig. 7) . Moreover, porous CdSe nanosheets can be recycled and maintain a reaction efficiency of >90% after 3 runs. A slight reduction of the reactivity was observed in the fourth run ( Supplementary Fig. 8 ), which may be due to mild photocorrosion and/or loss of catalyst during recovery and washing process 42 . The excellent arylamine group tolerance (Tables 1, 2h) can be attributed to the competition with the sacrificial agent (Na 2 SO 3 ). As Na 2 SO 3 has an apparently lower oxidation potential than the valence band potential of CdSe and the oxidation potential of arylamine 43 , the photo-generated holes will be preferentially transferred to the sacrificial agent, which is in excess, and not to the arylamine. For alkenes and alkynes (Table 2, 2am & 2an) , the super high selectivity is due to the lack of noble metal catalysts for activation 44 , as well as the kinetically unfavorable radical addition compared to the fast radical coupling.
Reaction mechanism for photocatalytic C-X to C-D transformations. The photocatalytic C-X bond deuteration by D 2 O involves a radical pathway and a possible mechanism is proposed in Fig. 4a . The reaction begins with the absorption of substrates on the photocatalysts 45 . Upon irradiation, electron-hole pairs are generated on porous CdSe 29, 30, 46 . Owing to the defective sites, besides electron-hole recombination, electrons are trapped and transferred to D 2 O and/or organic halides to form the corresponding deuterium radicals 47 or the aryl radical anion (ArX· -) [26] [27] [28] . Following, the coupling of deuterium radical and ArX· -leads to the formation of deuterated product. The D radicals can also selfcouple to release D 2 42,47 . The catalyst then recovers to its ground state after accepting an electron from the sacrificial agent (Na 2 SO 3 ), whereupon SO 3 2− converts to SO 4 2− owing to oxidation 48 . The electron transfer from the CdSe to iodobenzene is evidenced by PL and femtosecond transient absorption (TA) spectroscopy. We observe a significant quenching of PL from CdSe, together with a faster decay in the bleaching band at 455 nm in TA spectra upon the addition of iodobenzene (Fig. 4b and Supplementary Fig. 15-18) . A shorter electron transfer time constant was obtained from single-wavelength dynamics at 450 nm in the presence of iodobenzene, as compared to when it was absent. The radical pathway for photocatalytic deuteration is confirmed by electron paramagnetic resonance (EPR) measurements in Fig. 4c and Supplementary Fig. 11-14 . By trapping radicals with 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) molecules, which forms stable radical adducts, the characteristic EPR signals of DMPO-OH adducts (quartet peaks, a N = a H = 14.9 G, marked by *) can be detected as water/hydroxides are oxidized to hydroxyl radicals by photo-generated holes 49 . Although we could not detect the presence of hydrogen radicals due to trace amounts of oxygen in the system, hydroperoxyl adducts (DMPO-OOH, marked by △) could be detected 50 , which might be generated from the combination of hydrogen radicals with trace amount of oxygen in the system. Three new peaks that can be assigned to the reduction product of DMPO-C adducts (a N = a H = 13.9 G, marked by #) are clearly seen after the addition of iodides 51 . The presence of free radicals in this system is further confirmed by the exponential decay of the EPR peak area with time ( Supplementary Fig. 11 ) after a radical scavenger, 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO) is added. Supplementary  Fig. 14 compares the EPR results for porous and non-porous CdSe nanosheets. The absence of EPR signals from DMPO-OH and DMPO-C adducts in non-porous CdSe nanosheets points to the much lower photocatalytic activity of this material compared to its porous counterpart.
In conclusion, using porous 2D-CdSe nanosheets as photocatalysts, selective and efficient C-X bond deuteration can be achieved with D 2 O. A wide range of organic iodides including aryl-, alkyl-, and alkynyl iodides can be effectively deuterated in excellent yields and with good functional groups tolerance. This method is also powerful enough to deuterate less reductively labile C-Br, C-Cl and even C-F bonds in the presence of activating groups on the ring. The good performance is due to high reductive potential of porous CdSe nanosheets and its high density of catalytic sites. This strategy introduces spatially precise and controllable number of deuterium atoms on the substrates compared to current C-H/C-D exchange. Importantly, we can further develop a D-labeled tool kit including deuterated aryl halogen, boric acid, alkyne, alkene, etc., which are useful Dcontaining building blocks for drugs or advanced materials. The radical coupling strategy can be further exploited to rapidly generate molecular complexity via radical cascade cyclization, for example, for ring closure and the generation of new stereo centers, or in the total synthesis of complex molecules.
Methods
Synthesis of porous CdSe nanosheets. We used a modified method from Ref. 33 to introduce nanopores on CdSe nanosheets. In brief, 1.5 mmol of CdCl 2 was dissolved in 5 mL of oleylamine and 5 mL of octylamine at 120°C for 2 h under Ar. The solution was mixed with 4.5 mmol of selenide dispersed in 2.5 mL of oleylamine and 2.5 mL of octylamine at r.t. The resulting mixture was heated to 100°C for 16 h under Ar. After precipitation in ethanol and re-dispersing in CHCl 3 , asformed CdSe nanosheets were purified using a silica column. The acidic environment of silica column causes the corrosion of CdSe to form nanopores. The porous CdSe nanosheets were then recovered by rotary evaporation.
Photocatalytic C-X to C-D transformation. Typically, 5 mg of porous CdSe nanosheets, 0.1 mmol of 4-iodoanisole (1c) and Na 2 SO 3 (0.25 M) were dispersed in a CH 3 CN/D 2 O (2.5 mL/1.5 mL) mixture and sonicated for 30 min. The reaction mixture was then irradiated with a Xenon lamp visible light (150 W, λ > 420 nm) for 8 to 10 h at r.t. under Ar. After reaction, the mixture was centrifuged to remove photocatalyst. The supernatant was extracted by adding 5 mL of CH 2 Cl 2 and the organic phase was analyzed by GC-MS. The conversions and yields were calculated from standard calibration curves. The yield was calculated by dividing the amount of the obtained desired product by the theoretical yield. Hydrogenated products were prepared by using CH 3 CN/H 2 O mixture under identical conditions. Details on reaction setup and synthesis of substrates can be found in Supplementary  Fig. 19~76 and Supplementary Methods. 
